Gene duplication is an important mechanism for acquiring new genes and creating genetic novelty in organisms. Evidence suggests that duplicated genes are retained at a much higher rate than originally thought and that functional divergence of gene copies is a major factor promoting their retention in the genome. We find that two Drosophila testes-specific ␣4 proteasome subunit genes (␣4-t1 and ␣4-t2) have a higher polymorphism within species and are significantly more diverged between species than the somatic ␣4 gene. Our data suggest that following gene duplication, the ␣4-t1 gene experienced relaxed selective constraints, whereas the ␣4-t2 gene experienced positive selection acting on several codons. We report significant heterogeneity in evolutionary rates among all three paralogs at homologous codons, indicating that functional divergence has coincided with genic divergence. Reproductive subfunctionalization may allow for a more rapid evolution of reproductive traits and a greater specialization of testes function. Our data add to the increasing evidence that duplicated genes experience lower selective constraints and in some cases positive selection following duplication. Newly duplicated genes that are freer from selective constraints may provide a mechanism for developing new interactions and a pathway for the evolution of new genes.
G ENE duplication is a source of new genetic function functionalization), and therefore beneficial mutations would not be necessary to retain duplicate copies. and a mechanism of evolutionary novelty (Ohno Functional divergence may occur through a variety 1970). The classical model of gene duplication is that of evolutionary processes, including relaxed selective one copy is free to evolve neutrally, thereby accumulatconstraints, neutral evolution, or even positive selection. ing random mutations that may infrequently result in Examples of positive selection acting after gene duplicathe uptake of a new function (Ohno 1970) . Under this tion include the MADS-box gene family in Arabidopsis model the majority of duplicated genes will be lost, as (Martinez-Castilla and Alvarez-Buylla 2003) , xanmost copies will not accumulate the proper combination thine dehydrogenase (Rodriguez-Trelles et al. 2003) , of neutral mutations to regain a novel function. How-CCT proteins (Fares and Wolfe 2003) , phytochrome ever, the generalized fate of duplicated genes is under A in angiosperms (Mathews et al. 2003) , and numerous increasing scrutiny, and there is mounting scepticism others (Ohta 1994; Zhang et al. 1998 Zhang et al. , 2002  Johnson that the classical model of gene duplication is able Betrán and Long 2003) . Even if acting on explain the large number of duplicated genes that are a small number of sites for a brief period of time, positive retained in a genome (Massingham et al. 2001) . The selection may be an important factor in retaining dupliduplication-degeneration-complementation (DDC) cated genes by promoting the acquisition of a novel or model as formally proposed by Force et al. (1999) along more specialized function. Therefore subfunctionalizawith similar ideas (Hughes 1994; Stoltzfus 1999) offer tion can occur by degenerative mutations resulting in an alternative explanation of the evolutionary fate of the loss of some functions through either neutral or duplicated genes. If an ancestral gene carries out more less-constrained nucleotide substitutions and positive sethan one function and undergoes a duplication event, lection acting on one gene copy can result in a more degenerative mutations could result in each copy bespecialized function, which together may be significant coming specialized in alternative functions (termed subfactors preventing the loss of duplicated genes. Gene duplication allows the study of evolutionary processes, but also provides an opportunity to examine the evolutionary history of multiunit protein complexes that Sequence data from this article have been deposited with the EMBL/GenBank Data Libraries under accession nos. AY542377-have arisen through gene duplication. One such exam- AY542432. ple is the proteasome, which is responsible for degrad-1 basic cellular pathways and are important for regulating evolving rapidly has been found (Singh 1990; Singh and Kulathinal 2000; Swanson and Vacquier 2002) . most biological processes that take place in an organism (see Glickman and Ciechanover 2001 for review). The For example, in Drosophila genes expressed in the reproductive tract show higher divergence than those that eukaryotic proteasome is a large 26S multicatalytic protease composed of two subcomplexes: a 20S core partiare not (Coulthart and Singh 1988; Civetta and Singh 1995) , and accessory gland proteins are among cle and a 19S regulatory particle. The core particle is barrel shaped and is composed of four stacked rings: two the fastest-evolving genes in the Drosophila genome (Tsaur and Wu 1997; Tsaur et al. 1998; Swanson et al. identical outer ␣-rings and two identical inner ␤-rings, each composed of seven distinct subunits. In Archae 2001). Similarly, in mammals some of the more highly diverged proteins are those found in sperm compared the overall structure of the core particle is conserved with that of eukaryotes; however, it contains only two to other tissues (Torgerson et al. 2002) , and in Chlamydomonas sex-related genes are evolving faster than distinct subunits: seven identical ␣-subunits and seven identical ␤-subunits. Over time the proteasome has begenes involved in other processes (Ferris et al. 1997) . Rapidly evolving reproduction-related genes are also come increasingly complex, and the genes coding for the ␣-and ␤-subunits appear to have undergone many found in a variety of other taxa, including centric diatoms (Armbrust and Galindo 2001), gastropods (Hellberg gene duplications and specialization leading to at least 14 distinct genes coding for proteins in the eukaryotic et al. 2000), abalone (Swanson and Vacquier 1995) , and humans (Wyckoff et al. 2000) . core particle (seven unique ␣-subunits and seven unique ␤-subunits). This appears to have occurred early during Due to the large body of evidence that reproductionrelated genes evolve rapidly compared to genes not the evolution of Eukarya for the ␣-subunits, resulting in a variable number of ␣ proteasome genes across bacdirectly involved in reproduction, we hypothesized that the ␣4-t1 and ␣4-t2 genes may have their own unique teria, archaea, and eukarya (Bouzat et al. 2000) .
In Drosophila the proteasome is even more complex evolutionary pathways relative to that of the somatic ␣4 gene. Moreover, given that gene duplication can result than initially thought, as several subunits have isoforms with testes-specific expression patterns (Ma et al. 2002) .
in changes in selective constraints that can ultimately lead to functional divergence, we hypothesized that reThe ␣4 subunit has undergone at least two gene duplication events resulting in three paralogs with distinct tissue productive specialization had an effect on the evolution of the ␣4 proteasome gene family. In this study we comexpression patterns (Yuan et al. 1996) . The majority of cells in Drosophila express the somatic ␣4 gene; howpare the polymorphism and divergence of the ␣4 gene family in Drosophila, test for differences in selective ever, in the testes two different tissue-specific genes (␣4-t1 and ␣4-t2) have replaced the ␣4 subunit in the core constraints acting on the testes-specific paralogs, and identify codons among genes that may show functional particle of the proteasome. On the basis of phylogenetic analysis (Belote et al. 1998) , it seems that the first duplidivergence. cation involved the testes-specific ␣4-t2 gene and the somatic ␣4 gene, followed by a more recent duplication MATERIALS AND METHODS of the somatic ␣4 gene and a second testes-specific gene, ␣4-t1. In Drosophila melanogaster all three duplicated genes creasing evidence that reproduction-related genes are was redissolved in 30 l of ddH 2 O and stored at Ϫ20Њ until equal to d S , then the gene is thought to be under neutral evolution, and will be close to 1. In scenarios where d N PCR amplification.
Primers for PCR amplification were designed using the D. actually exceeds d S and is significantly Ͼ1, the gene is said to be under positive selection. melanogaster genome, and in most cases were designed in the 5Ј and 3Ј noncoding region to allow for complete amplificaWe compared the likelihood of different models of selection acting on different branches of a phylogenetic tree using tion of the coding regions of the gene, including the two introns in both ␣4 and ␣4-t2. The primer pair used to amplify the program codeml in the PAML package version 3.13 (Yang 1997 Yang (1994) and a maximum-likelihood method to calculate the likelihood of specified models. Twice 5Ј-GTCGCCGAATGCATGGAAAGC-3Ј. The primer pair used to amplify ␣4-t1 was 5Ј-TGCCTGCTAACTAACCCAAAG-3Ј and the difference in likelihoods of two models is then compared to a chi-square distribution, with the degrees of freedom equal 5Ј-GTACCTGCTATCCTGGGTGAC-3Ј. For the ␣4-t2 gene, two primer pairs were designed (external-internal and internalto the difference in the number of free parameters between the two models. A phylogenetic tree was also generated using external): 5Ј-CCAGTACGCACCTAGCAGGCG-3Ј and 5Ј-ACA GGACAATCCAAATGGACG-3Ј, and 5Ј-CTGAATTTCGAGAA a single individual of each species (see Figure 1 ) to avoid polytomy and to avoid estimations of based on polymor-GCCCACG-3Ј and 5Ј-GAACAGAATGGATCAGGGTGG-3Ј. PCR products were purified using a min-elute QIAGEN (Chatsphism vs. divergence ( Figure 2 ). Trees were also generated with maximum parsimony and neighbor-joining using Kimura worth, CA) gel PCR clean-up kit and sequenced using an ABI 377 Prism DNA sequencer. Sequences were deposited at the two-parameter distances in MEGA (Kumar et al. 2001) , which gave identical tree topologies as in Figure 2 (data not shown). National Center for Biotechnology Information (NCBI) under the accession nos. AY542377-AY542432.
The first evolutionary model that we tested was a one-ratio model (model 0) that assumed a single for all branches in The ␣4 and ␣4-t2 genes for Drosophila virilis were obtained from NCBI [http:/ /www.ncbi.nlm.nih.gov/; accession nos.
the tree, whereas the other three models allowed for either two or three different values of along separate branches AF017649 (␣4) and AF017650 (␣4-t2; Belote et al. 1998) ]; however, alignment of the testes-specific D. virilis ␣4 gene to (models 2A, 2B, and 2C, Figure 3 ). The first two-ratio model (model 2A, Figure 3 ) assumed one for the single branch members of the melanogaster group was ambiguous, so we did not include this gene in our analysis. Sequences for Drosophila immediately following gene duplication ( d ), with another for all other branches ( r ). The second two-ratio model pseudoobscura were obtained through a BLAST search of the D. pseudoobscura genome using the ␣4, ␣4-t1, and ␣4-t2 D.
(model 2B, Figure 3 ) assumed one for all terminal branches of the gene being tested for selection ( g ) and another value melanogaster sequences, and neighbor-joining trees were generated to confirm orthology and exclude paralogs. Genes of for all other branches in the tree ( r ). The three-ratio model (model 2C, Figure 3 ) assumed one for the branch in D. pseudoobscura were confirmed by comparing corresponding start and stop codons with the D. melanogaster alignment immediately following duplication ( d ), one for all terminal branches of the gene being tested for selection ( g ) and a and by examining the translated sequence for any stop codons.
Sequence analysis: DNA and protein sequences were third for all other branches in the tree ( r ). By comparing the likelihood of all of these models, we aligned using ClustalX (Thompson et al. 1997 ) and confirmed by eye through a comparison of DNA alignments to the transtested (1) whether there were different selective pressures immediately following gene duplication (model 2A vs. 0); lated amino acid alignment. Measurements of polymorphism and divergence for each gene were calculated using the pro-(2) whether there were different selective pressures along terminal branches of the gene being tested for selection gram DNAsp version 3.53 (Rozas and Rozas 1999). Polymorphism was measured using two estimates: , which is deter-(model 2B vs. 0); and (3) whether there were different selective pressures immediately following gene duplication, as well mined from the number of segregating sites in a sample of genes, and , the average pairwise difference between haploas different selective pressures along terminal branches of the gene (model 2C vs. 2A and 2B). types. Divergence was measured in terms of nonsynonymous (d N ) and synonymous (d S ) nucleotide substitution rates as estiBecause we found significant heterogeneity in selective pressures within genes through a comparison of models that conmated using the method of Yang and Nielsen (2000) in PAML (Yang 1997) , which accounted for both a transition/ strained to a single value (model 0), to a model that allowed for three different classes of within a gene (model 3), we transversion bias and a codon usage bias. Differences between polymorphism and divergence of the duplicated testestested the likelihood of branch-site models (Yang and Nielsen 2002) . We used the program codeml to test whether each expressed genes (␣4-t1 and ␣4-t2) and the ancestral gene (␣4) were compared using a Student's t -test. A phylogeny was amino acid falls into one of four site classes with three estimates of : o , including amino acid sites that are highly constructed using Bayesian analyses with the program MrBayes version 3.0 (Huelsenbeck and Ronquist 2001), and the reconserved across all branches; 1 , including amino acid sites that are weakly constrained or neutral across all branches; sulting tree was viewed using TreeView version 1.6.5 (Page 1996; Figure 1 ). To test for the significance of each node, and 2 , including two classes of sites, those either conserved or neutral on background branches ( Ͻ 1 or ϭ 1) but posterior probabilities were calculated from a consensus tree of all trees sampled after the Markov chain reached stationarwith Ͼ 1 on the branch being tested for selection. Once again we compared the likelihood of two models: model A ity, which was estimated to be at 65,000 generations. The ␣7 subunit in D. melanogaster was chosen as an outgroup as it that allowed for two site classes with o ϭ 0 and 1 ϭ 1 and model B, a more flexible distribution that allowed o and 1 diverged from the ␣4 gene with early eukaryotes (Bouzat et al. 2000) .
to vary. Both model A and B estimate 2 from the data, and the likelihood of these models was then compared to the Tests for selection: We compared the rates of nonsynonymous (d N ) and synonymous (d S ) nucleotide substitution belikelihood of models 1 and 3 that assumed o and 1 were the same across all branches. Model 1 is a neutral model that tween duplicated genes to determine which mode of selection played a role in the divergence of the testes-specific ␣4 isoconstrains o ϭ 0 and 1 ϭ 1 across all branches. ␣4-t1 and ␣4-t2 genes have higher levels of nucleotide cated genes. More specifically, rapidly evolving sites in one paralog were tested to see if they were also rapidly evolving polymorphism and diversity than the somatic ␣4 gene Figure 3 .-Representative diagram of two-and three-ratio evolutionary models using PAML (Yang 1997) . The numbers evolutionary models tested using PAML (Yang 1997 However, in both the ␣4-t1 and the ␣4-t2 gene, we find allowing for variable selective pressures along branches several amino acid replacement polymorphisms within provide a better fit to the data (Table 3) . Both two-ratio species. models have a significantly higher likelihood than the Both testes-specific genes also have significantly highone-ratio model (2⌬l ϭ 18.9, 17.8; P Ͻ 0.0001), indicater sequence divergence between species in terms of noning differences in selection acting on terminal branches synonymous nucleotide substitution rates compared to of the gene and differences in selection acting on the the ␣4 gene (Table 2 ) (pairwise t-tests; ␣4:␣4-t1, P ϭ gene immediately after duplication compared to other 0.020; ␣4:␣4-t2, P ϭ 0.0048). In fact, the ␣4-t1 gene is branches of the tree. The three-ratio model fits the data even more highly diverged than the ␣4-t2 gene (P ϭ significantly better than both of the two-ratio models 0.032) and appears to be one of the more rapidly evolv-(2⌬l ϭ 27.2, 28.3; P Ͻ 0.0001), suggesting that selective ing genes in Drosophila. The synonymous nucleotide forces on the ␣4-t1 gene have changed and are different substitution rate (d S ) is significantly higher in ␣4-t1 relafrom the selective forces that acted on this gene immeditive to the somatic ␣4 gene (P ϭ 0.044), but not signifiately after duplication. The estimate of d N /d S () under cantly different from the testes-specific ␣4-t2 gene (P ϭ model 2C for ␣4-t1 is 0.282 after gene duplication, which 0.22). After normalizing for d S , however, the ratio of is only slightly higher than the estimate of for the d N :d S is significantly higher in ␣4-t1 than in the ␣4 gene gene (0.247); however, there is still a significantly better (P ϭ 0.00034), but there is no significant difference in fit to the three-ratio model than to either of the twod N :d S between the two testes-specific isoforms (P ϭ 0.15). ratio models.
Tests of selection: Likelihood-ratio tests for selection
The ␣4-t2 gene shows a different pattern of selection than the ␣4-t1 gene. The two-and three-ratio models acting along branches in ␣4-t1 indicate that models do not have a significantly higher likelihood than the branches but have ϭ ∞ following ␣4-t2 duplication, suggesting that positive selection acted along this one-ratio model for the ␣4-t2 gene (2⌬l ϭ 2.28, 3.2; P ϭ 0.13, 0.07), suggesting that there are no significant branch with d S ϭ 0. Model B identified 15 sites in the ␣4-t2 gene to be under positive selection following dudifferences in selection acting on this gene, even following duplication. Under this line of analysis, it does not plication ( Figure 4) ; however, it did not identify any positively selected sites following the ␣4-t1 gene duplicaappear that selective constraints relaxed following gene duplication in ␣4-t2 as they did in ␣4-t1. However, the tion.
Functional divergence:
Estimates of the coefficient of data show a better fit to model 3 than to model 0 (2⌬l ϭ 96.2; P Ͻ 0.0001), indicating significant heterogeneity in functional divergence () are significantly greater than zero ( Table 4 ), indicating that there is heterogeneity selection acting within the gene, so we compared branchsite models of selection (models A and B) to allow for in evolutionary rates between homologous codons in ␣4, ␣4-t1, and ␣4-t2. The largest values of are between differential selection on different codons along individual branches.
the two testes-specific isoforms (␣4-t1 and ␣4-t2) and between ␣4-t1 and the somatic ␣4 gene. The ␣4-t2 gene Both ␣4-t1 and ␣4-t2 show a significantly better fit to models A and B than to models 1 and 3, respectively, and the somatic ␣4 gene show a slightly higher correlation in evolutionary rate, suggesting that they are not suggesting that there were differences in selection acting across amino acid sites immediately after gene duplias functionally diverged as either of the genes is to the ␣4-t1 gene. However, there is no significant rate cation. For ␣4-t1, twice the difference in likelihoods was 18.9 (P Ͻ 0.0001) for model A vs. model 1 and 15.7 correlation among amino acid sites between all three paralogs, indicating functional diversification between (P ϭ 0.0003) for model B vs. model 3. For ␣4-t2, twice the difference in likelihoods was 81.2 (P Ͻ 0.0001) for all three genes. Not all rapidly evolving sites in one paralog are rapidly evolving in the other two paralogs, model A vs. model 1 and 23.8 (P Ͻ 0.0001) for model B vs. model 3. Parameters estimated under model B for suggesting that selection acts differently on homologous sites within duplicated genes. the ␣4-t1 gene show that 78% of amino acid sites are highly conserved across all lineages with ϭ 0.047, that
Pairwise comparisons between paralogs identified amino acids with higher-than-baseline probabilities of 21% of sites have ϭ 0.29 across all lineages, and that 0.35% of sites are highly conserved or neutral on all site-specific rate differences ( Figure 5 ). Although identified amino acid residues with an odd ratio Ͼ1 (i.e., other branches but have ϭ 1.02 after ␣4-t1 duplication. Parameters estimated under model B for the ␣4-posterior probability of a rate difference Ͼ0.5) could be meaningful, a more stringent cutoff is suggested ust2 gene show that 55% of amino acid sites are highly conserved across all lineages with ϭ 0.028, that 33% ing an odd ratio Ͼ2 (i.e., a posterior probability of rate difference Ͼ0.67; Wang and Gu 2001). Therefore sites of sites have ϭ 0.24 across all lineages, and that 12% of sites are highly conserved or neutral on all other with a higher probability of rate differences (a probabil- of selective pressures. In the ␣4-t2 gene we were also unable to detect broad-scale neutral evolution following gene duplication, but rather than finding a complete ity Ͼ0.67) may be more conservatively identified as berelease of selective pressures on a small portion of sites, ing functionally diverged and provide a starting point we detected signatures of positive selection having acted for further investigations into the functional differences on several codons following duplication. among ␣4, ␣4-t1, and ␣4-t2.
More recently it was reported that likelihood-ratio tests of branch-site models (Yang and Nielsen 2002) DISCUSSION frequently detect positive selection in error under certain conditions (Zhang 2004 ). Computer simulations We have shown here that both Drosophila ␣4 testesperformed by Zhang indicate that when selective conspecific isoforms are evolving in a manner very different straints are relaxed along branches being tested for sefrom that of the more ubiquitously expressed ␣4 sublection, positive selection is erroneously detected in up unit. The ␣4 subunit shows very few nucleotide substituto 70% of cases. However, when we tested branch-site tions and almost no polymorphism within the melanogasmodels in ␣4-t1, we did not detect positive selection ter clade and seems to be among the more slowly acting after gene duplication, despite evidence that seevolving genes in Drosophila. Proteasomes have an eslective constraints were relaxed following ␣4-t1 duplicasential function in a variety of biological processes and tion, similar to an evolutionary scheme that was shown are required to specifically degrade a diverse array of to give a high rate of false positives. However, we did proteins across many different tissues, which may exdetect positive selection in ␣4-t2 using branch-site modplain why the ubiquitously expressed ␣4 subunit exhibits els, but we found no evidence that selective constraints such strong functional and selective constraint. Howon average were significantly relaxed or changed on the ever, there is only weak evidence that essential genes branch following ␣4-t2 duplication, a condition under evolve slower than nonessential genes (Yang et al. 2003) , which the branch-site models may perform more acceptand proper reproductive functioning could also be conably (Zhang 2004) . Therefore, despite a high rate of sidered essential for an organism's total fitness that false detections of positive selection using branch-site includes both viability and reproductive ability. Both testesmodels of evolution under certain conditions, these specific ␣4 subunits have become specialized in reproductive function, which appears to have dramatically conditions may not be consistent with the pattern of 
d is the estimate of on the branch immediately following gene duplication, g is the estimate of for all terminal branches leading to the gene, and r is the estimate of for the remaining branches. p ϭ proportion of sites in each class of (0, 1, 2, and 3): p 0 is the proportion of sites that are highly conserved across branches, p 1 is the proportion of sites that are weakly constrained or are neutral across branches, p 2 is the proportion of sites that have Ͼ 1 on the branch being tested for selection but are highly conserved on other branches, p 3 is the proportion of sites that have Ͼ 1 on the branch being tested for selection but are neutral or weakly constrained on other branches.
␣4-t2 evolution, making it less likely that positive selecretained by losing separate subfunctions from a multifunctional ancestral gene. Both testes-specific isoforms tion was detected in error.
The DDC model (Force et al. 1999 ) provides a better seem to be missing at least two functional regions compared to the somatic ␣4 subunit (Belote et al. 1998) , explanation for the evolution of the testes-specific ␣4 proteasome subunits from the data that we have, rather including a putative nuclear localization signal and the KEKE motif that may be important for protein-protein than a neutral accumulation of mutations. The DDC model states that duplicated genes become selected and interactions. Similarly, the tissue specificity of ␣4-t1 and Figure 4 .-Codons in ␣4-t2 that were identified using PAML (Yang 1997) as having a high posterior probability that d N :d S Ͼ 1, suggesting that these codons were subjected to positive selection following gene duplication. selective sweeps are common following duplication and that positive selection plays an important role in duplicate gene evolution (Moore and Purugganan 2003) . ␣4-t2 compared to the more ubiquitously expressed soPositive selection in duplicated genes is probably commatic ␣4 subunit is suggestive of a more specialized mon across most taxa, as a study including bacteria, function that could have involved the loss of functional archae, and eukaryotes found that ratios of nonsynonydomains. Higher polymorphism in both ␣4-t1 and ␣4-mous-to-synonymous substitutions do not indicate widet2 suggests that functional constraints were either respread neutral evolution following gene duplication laxed or neutral relative to the somatic ␣4 gene, but (Kondrashov et al. 2002) . do not clearly distinguish between selection regimes.
Gene duplication and reproductive specialization: However, likelihood-ratio tests of evolutionary models
The development of tissue-specific patterns of expressuggest that both testes-specific isoforms experienced sion compared to the ancestral gene is a common fate either incomplete relaxed selective constraints at the of duplicated genes (Lynch and Force 2000); however, majority of sites (as in ␣4-t1) or positive selection on a a specific type of subfunctionalization that has separated portion of sites (as in ␣4-t2) as opposed to broad-scale reproductive vs. somatic functions of the ␣4 gene seems neutral evolution during periods of loss of functional to have occurred. By partitioning these two processes domains and tissue specialization. Moreover, our tests there may be a greater flexibility in reproductive trait for functional divergence indicate that evolutionary evolution, which may allow for a specialization of testes rates among all three duplicate genes are different at function. A high number of genes show testes-specific many homologous amino acids (Figure 3) . It is therefore expression in Drosophila, similar in proportion to those feasible that, due to subfunctionalization, the testesspecifically expressed in the brain (Andrews et al. specific ␣4 proteasome subunits were not as constrained 2000). Genes with testes-biased expression may have at as many nucleotide sites as was the somatic gene, an increased chance of being under positive selection which allowed a higher rate of degenerative mutations (Meiklejohn et al. 2003) , and therefore genes that deas predicted by the DDC model (Force et al. 1999) .
velop new functions may be more important in males Relaxed selective constraints and positive selection due to a possible higher turnover of testes-expressed may be common following gene duplication (see Introgenes (Oliver 2003) . Even within the Drosophila production). Similar patterns of selection are also seen in teasome, six of the 20S proteasome subunits and four other gene duplicates that are expressed in the male of the 19S regulatory cap subunits have also undergone testes. Maxwell et al. (2003) discovered that a member gene duplications resulting in testes-specific isoforms of the ␤-defensin gene family that has a high expression (Ma et al. 2002) , suggesting a trend toward the developlevel in the testes and brain exhibits signatures of posiment of a specialized male reproductive functioning tive selection. Similarly, the testes-specific Drosophila proteasome in Drosophila. It seems that gene duplication nuclear transport factor-2-related gene has evolved more may be a major factor promoting increasing complexity rapidly under positive selection than the parental gene and reproductive specialization in the Drosophila protea-(Betrán and Long 2003). We report similar processes some and that reproductive vs. somatic subfunctionalizafollowing ␣4 gene duplications, with relaxed selective tion is an important factor allowing for such specializaconstraint acting on ␣4-t1 and signatures of positive tion. selection acting on codons within the ␣4-t2 gene.
The coefficient of functional divergence () is signifThere is also evidence that rapid evolution of one of icantly Ͼ0 in all three pairwise gene comparisons, sugthe copies of a duplicated gene is a common phenomegesting heterogeneity in evolutionary rates at several non regardless of testes expression. In a comparison amino acid sites ( Figure 5 ). The smallest rate correlations between several vertebrate species, Van de Peer et al. were found between ␣4-t1 and both ␣4-t2 and ␣4, sug- (2001) found that about half of all duplicated genes gesting that ␣4-t1 has a more unique evolutionary rate showed an increase in evolutionary rate and evidence compared to the other isoforms. Phylogenetic analysis that positive selection has acted on several duplicated indicates that the ␣4-t1 gene is a more recent duplication genes. Zhang et al. (2003) showed that of 250 human event resulting from retroposition of the ␣4 gene, as suggested from its lack of introns. Bayesian analysis provides gene duplicates, 145 pairs had one copy that evolved Figure 5 .-Pairwise comparisons between paralogous genes of the ␣4 gene family identified sites showing evolutionary rate differences in Drosophila. The program DIVERGE version 1.04 (Gu 1999) was used to identify amino acids with higher-thanbaseline probabilities of site-specific rate differences. A more conservative cutoff for identifying functionally diverged sites is suggested to be when probabilities of rate heterogeneity are Ͼ0.67 (Wang and Gu 2001). evidence that the ␣4-t1 gene diverged from ␣4 more reconclusive, the broader involvement of the newer copy (␣4-t1) may suggest that newly arisen genes are freer cently than ␣4-t2 did, with a posterior probability of 95% that ␣4 forms a clade with ␣4-t1 separate from ␣4-t2.
from selective constraints to form biochemical linkages and thus provide new, alternate pathways for the evoluSimilarly, ␣4-t1 may not exist in D. virilis (Belote et al. 1998) , or in D. pseudoobscura as ␣4-t2 does, supporting tion of new genetic systems. Sex-and reproductionrelated genes are recognized as a class of rapidly evolvthe possibility that the ␣4-t1 gene duplicated after the divergence of D. virilis and D. pseudoobscura from the melaing genes (Singh and Kulathinal 2000; Swanson and Vacquier 2002) , particularly genes involved in male nogaster clade. However, we cannot discount the possibility that ␣4-t1 has become a pseudogene in these species or reproduction (for examples, see Swanson and Vacquier 1995; Wyckoff et al. 2000; Swanson et al. 2001 ; that it has become too diverged for detection through homology searches. Torgerson et al. 2002) , but it is unclear how the rapid evolution of genes within a genetic system affects the The ␣4-t2 subunit appears to be involved only in spermatid elongation, whereas ␣4-t1 is involved in spermatid evolutionary pathways of other genes within that system. For example, a high rate of evolutionary change in proelongation as well as being expressed in the primary spermatocyte. Even though the evidence on the breadth teins expressed during spermatogenesis may affect the evolutionary rate of genes specialized to degrade them of functional involvement of the two new genes is not
